Abstract. Children with acute lymphoblastic leukemia (ALL) often present fever. Febrile states are usually associated with infectious processes that generate an inflammatory response involving various molecules, including cytokines. However, an inflammatory response may also occur in the absence of infection. We hypothesized that the levels of inflammatory cytokines are increased in children with ALL without apparent infection. The serum levels of 13 cytokines in 99 patients with ALL and 48 non-oncological patients without apparent infection were measured using multiplex analyte profiling technology (Luminex ® ). The concentration of circulating pro-inflammatory cytokines associated with fever was similar between patients with ALL and fever at diagnosis and those without fever. The levels of tumor necrosis factor α, interleukin (IL)-6, IL-8, monocyte chemoattractant protein-1 (MCP-1) and IL-10 were higher in patients with ALL vs. the control group (P<0.05). Moreover, the levels of the T helper 1 (interferon-γ and IL-12) cytokines were higher in patients with ALL vs. the control group. Transforming growth factor β was lower in patients with ALL vs. the control group (P<0.05). The levels of IL-1β, IL-2, IL-4, IL-13, and IL-17 were similar in the two groups. Our results indicate that the circulating levels of seven of the important studied cytokines are elevated in patients with newly diagnosed ALL without apparent infection, reflecting a strong and deregulated inflammatory state in this disease, with a Th1-polarization profile.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common pediatric malignancy in childhood (0-14 years), constituting slightly less than one-third of all childhood cancers diagnosed, whereas it constitutes approximately 10% of the cancers diagnosed among adolescents and young adults (15-19 years) (1) .
Cytokines, which were originally identified as products of immune cells, are small secreted proteins that have specific effects on the interactions and communication between cells. Cytokines are important mediators of immune responses that are secreted in response to different infectious and noninfectious stimuli. Different cytokines are able to stimulate or inhibit cell growth, regulate cell differentiation, induce cell chemotaxis, and modulate the expression of other cytokines. The balance among different cytokines is very important for the maintenance of the processes regulated by them, as they have been shown to participate in both the initiation and progression of several pathological processes, such as chronic inflammation and cancer (2) .
Inflammation as a result of trauma, ischemia-reperfusion injury, or chemically induced injury typically occurs in the absence of microorganisms and has, therefore, been termed 'sterile inflammation'. Sterile inflammation occurs in acute conditions and is similar to microbial-induced inflammation in that it is marked by the recruitment of neutrophils and macrophages and the production of pro-inflammatory cytokines and chemokines, such as tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1) (3). The triggers of sterile inflammation are still under investigation, and the pathways that transduce sterile inflammatory signals have not been completely clarified. Currently, most of the innate immune pathways that are activated during infection have been implicated in sterile inflammation, although distinct signaling pathways of sterile inflammation exist (3, 4) . whether immune pathology ensues after acute sterile inflammation, depends on the balance between pro-inflammatory and resolution pathways.
It is now evident that pattern recognition receptors (PRRs) also recognize non-infectious material that can cause tissue damage, as well as endogenous molecules that are released after tissue injury or cell death. These endogenous molecules have been termed damage-associated molecular patterns (DAMPs). DAMPs have similar effects to pathogen-associated molecular patterns (PAMPs) in terms of their ability to activate inflammatory pathways (5) .
In clinical practice, most patients with newly diagnosed ALL present febrile episodes, which are usually assumed to be associated with an infectious process. However, in 80% of cases, no infection can be demonstrated (6, 7) . The levels of circulating cytokines have been studied in patients with ALL presenting fever and neutropenia in the presence of overt infection (8, 9) ; however, to date, no studies of patients with ALL and fever without apparent infection have been published. It is important to characterize the inflammatory profile in patients with ALL presenting febrile episodes without clinically apparent infection, as this may influence the medical management of these patients. The aim of this study was to assess whether the levels of inflammatory cytokines are increased in patients with ALL without apparent infection.
Materials and methods
Study population. The study was conducted at the Hospital Infantil de México Federico Gómez and at the Hospital Pediátrico Moctezuma in Mexico City, and was approved by the ethics committees of both institutions. Signed informed consent was obtained from all parents, and assent was obtained from all children older than 9 years of age. The study included 99 children with ALL (newly diagnosed) from the Department of Oncology of the two hospitals, and 48 non-oncological patients (controls) who visited the Department of Orthopedics and Ophthalmology of the Hospital Infantil de México Federico Gómez for consultation and/or preoperative analysis. We confirmed that patients with ALL included in this study had no apparent clinical infection at diagnosis, the point at which the blood sample used in this study was taken. we conducted a detailed review of the clinical records to confirm that the specimens of patients with ALL were negative for all microbiological tests of blood, urine, and spinal fluid (LCR) by culture and/or PCR. The exclusion criteria were: presence of any evident infection at diagnosis, anti-inflammatory or antimicrobial treatment, cancer-specific therapies, primary or secondary immunodeficiencies, or recent blood-component transfusion.
Sample collection. Peripheral blood was collected in a vacutainer tube (BD vacutainer ® ) without anticoagulant. After clotting, the tubes were centrifuged at 1,000 x g for 10 min at 4˚C. Serum samples were stored at -80˚C until analysis.
Determination of important cytokine and chemokine levels in the serum. Cytokines and chemokines (IL-1β, TNF-α, IL-6, MCP-1, IL-8, IL-10, IFN-γ, IL-12p70, IL-2, IL-4, IL-13 and IL-17) were quantified in the sera of patients and controls using the multiplex analyte profiling (xMAP) technology with the Millipore HSCYTOMAG-60K kit (Luminex ® , magnetic beads; Millipore, Billerica, MA, uSA), and were read on a MAGPIx apparatus (Milliplex ® ; Millipore). All reagents were provided in the kit and prepared according to the manufacturer's protocol. Each sample was analyzed in duplicate, and the mean concentration of each analyte was calculated using a parameter logistic fitted curve generated from the standards.
TGF-β was determined in serum samples from 88 patients with ALL and 48 controls using an ELISA set (BD OptEIA™; BD Biosciences) according to the manufacturer's protocol.
Statistical analyses. values are plotted as the median with range. Comparisons between groups were performed by comparing medians using the Mann-whitney u test. All statistical analyses were performed using the SPSS program v22, and P<0.05 was considered to indicate a statistically significant result.
Results
Clinical characteristics. The characteristics of the patients with ALL and the non-oncological patients included in the study are described in Table I . The ALL group included both de novo precursor B-lineage and T-lineage leukemia cases. Among the patients with ALL, 34% (34 patients) had fever at admission, 50% of whom (17 out of 34 patients) had neutropenia. The characteristics of the patients with ALL and fever and patients with ALL without fever are described in Table II .
After admission to the hospital, patients with ALL with fever included in the study were treated with antimicrobial and antipyretic drugs. No patient presented a positive microbial culture during the following week and patients with ALL survived for at least one week after admission.
The concentration of circulating pro-inflammatory cytokines associated with fever is similar between patients with ALL and fever at diagnosis and those without fever. we analyzed the levels of circulating pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). The concentrations of IL-1β, IL-6, and TNF-α were not statistically different between the two groups of patients (with and without fever) (P>0.05).
We found no significant differences in the levels of cytokines associated with fever (IL-1β, TNF-α, and IL-6) in the sera of patients with ALL with and without fever at admission (Fig. 1) .
Patients with ALL show a pro-inflammatory state at diagnosis.
We analyzed the levels of circulating pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) associated with the production of fever; the concentrations of IL-6 and TNF-α were higher in the group of patients with ALL than they were in the control group (P<0.05). Although the concentration of IL-1β was not statistically different between the two groups, it was observed that the median concentration was higher in the ALL group than that in the control group (3.2 vs. 3.2 pg/ml) ( Fig. 2A) . The median TNF-α concentration in the control group was 13.60 pg/ ml (range, 40-211.6 pg/ml), whereas the median concentration in the ALL group was 65.40 pg/ml (range, 1.24-496 pg/ml) (Fig. 2B) . The IL-6 concentration was 3.20 pg/ml (range, 0.00-87.85 pg/ml) in the control group and 8.79 pg/ml (range, 0.00-615 pg/ml) in the ALL group (Fig. 2C) . These results suggest the presence of an important pro-inflammatory profile in patients with ALL at diagnosis in the absence of clinically apparent infection.
The concentration of circulating pro-inflammatory chemokines is elevated in patients with ALL at diagnosis. The pro-inflammatory cytokines IL-1β and TNF-α induce the production of two important inflammatory chemokines that participate in carcinogenesis, MCP-1 and IL-8. As we found elevated levels of TNF-α in children with ALL, we were interested in determining the levels of these chemokines in these patients. We found that IL-8 levels were significantly higher in the ALL group (median, 78.75 pg/ml; range, 4.80-24,937 pg/ml) than they were in the control group (median, 13.03 pg/ml; range, 2.99-522 pg/ml) (Fig. 3A) . The concentration of MCP-1 was also higher in the ALL group (median, 1,090 pg/ml; range, 4.28-4,382 pg/ml) compared with the control group (median, 381 pg/ml; range, 2.99-2,001 pg/ml) (Fig. 3B) .
T-cell-polarizing cytokines in patients with ALL at diagnosis.
we also analyzed the levels of T-cell-polarizing cytokines in patients with ALL without clinically apparent infection. we analyzed Th1 cytokines such as IFN-γ, IL-12 and IL-2 (Fig. 4) . The circulating levels of IFN-γ and IL-12 were significantly higher in patients with ALL than they were in the control group (IFN-γ in ALL: median, 6.50 pg/ml; range, 0.0-456.60 pg/ml; IFN-γ in controls: median, 3.34 pg/ml; range, 0.38-45.90 pg/ml; IL-12 in ALL: median, 3.20 pg/ml; range, 0.0-175.0 pg/ml; IL-12 in controls: median, 2.63 pg/ml; range, 0.0-70.56 pg/ml) ( Fig. 4A and B) . The levels of IL-2 in patients with ALL (median, 3.20 pg/ml; range, 0.0-83.11 pg/ml) and in controls (median, 3.05 pg/ml; range, 0.0-13.61 pg/ml) were not significantly different (Fig. 4C) . The levels of Th2 cytokines such as IL-4 and IL-13 were also measured to obtain an idea of the Th1/Th2 cytokine balance in patients with leukemia. The level of IL-4 in patients with ALL was not significantly different from that in the control group. we found that the control and ALL groups had similar circulating levels of this cytokine (Fig. 5A) . Conversely, the level of IL-13 was lower in patients with ALL compared with the control group (median, 3.20 vs. 3.20 pg/ml; range of IL-13 in patients with ALL, 0.0-547.10 pg/ml, but only three patient had a level >100 pg/ml; range of IL-13 in the control group, 1.93-110.90 pg/ml) (Fig. 5B) . The Th2 response in these patients was decreased, thereby favoring the Th1 response. Together, these results suggest an inclination toward a Th1 profile in ALL, driven by increased Th1 and decreased Th2 cytokines in patients with ALL.
Higher concentration of circulating immunoregulatory cytokines in ALL at diagnosis. The circulating levels of IL-10 were higher in patients with ALL than they were in the control group, with a median of 91.81 vs. 5.15 pg/ml (range, 2.47-3,209 pg/ml for ALL vs. 0.0-73.63 pg/ml for the control group) (Fig. 6A ). The IL-17 level was higher in ALL than it was in the control group, with a median of 3.20 pg/ml (range, 0.0-139.20 pg/ml) in ALL, while in the control group the median was also 3.20 pg/ml but the range was 0.0-75.75 pg/ml (Fig. 6B) . However, TGF-β levels were lower in patients with ALL than they were in the control group (median, 1,438 vs. 4,407 pg/ml; range, 0.0-29,507 vs. 0.0-33,777 pg/ml) (Fig. 6C) .
The balance of inflammatory, T cell-polarizing and immunoregulatory cytokines produced in patients with ALL without apparent infection was highly altered; a schematic representation of this alteration is shown in Fig. 7 .
Discussion
Cytokines are regulators of host responses to infection, inflammation and trauma. Some cytokines promote inflammation (pro-inflammatory cytokines), whereas others serve to reduce inflammation and promote the healing of tissue (anti-inflammatory cytokines). Thus, to maintain tissue homeostasis and integrity, the levels of different cytokines are finely tuned and controlled. The deregulation of cytokines plays an important role in different pathologies, including cancer (10) (11) (12) .
In this study, we showed that, at the systemic level, there was an important pro-inflammatory condition at diagnosis in children with ALL and no apparent infection, i.e., children for whom evidence of infection could not be obtained. we report for the first time the higher concentrations of TNF-α and IL-6 in patients with ALL with no infection, as elevated levels of these cytokines have only been reported in the presence of infectious processes (13, 14) , but not in sterile conditions. The higher concentrations of TNF-α and IL-6 found in this research in patients with ALL may be associated with the febrile state presented by some of the children, possibly as a consequence of the activation of the immune cells by DAMPs, which have the ability to generate an immune response in the absence of infectious agents (15) . Different cellular signaling pathways operate in response to varying levels of pro-inflammatory cytokines, which can lead to genotoxic damage, cell apoptosis, or cell growth. The increased concentration of proinflammatory cytokines in the serum of patients with leukemia may favor a neoplastic process. Moreover, IL-1β, TNF-α and IL-6 are pro-inflammatory cytokines that can induce fever and can regulate each other's levels, depending on their concentration (16) .
Furthermore, we showed that this pro-inflammatory state had characteristics of a Th1-polarized response. we found that the concentrations of circulating TNF-α, IL-6, IL-8, MCP-1, IL-12, IFN-γ and IL-10, were significantly increased in children with ALL. In contrast, the concentrations of TGF-β were decreased in ALL and those of IL-1β, IL-2, IL-4, IL-13 and IL-17 showed no changes compared with the controls. This finding is significant since it may reflect a sterile inflammation in ALL, as all children included in this study did not show apparent infection at diagnosis and had not received any antineoplastic treatment at the time of collection of the blood samples. Recently, the levels of circulating cytokines were studied in adult patients with ALL, and IL-8 and MCP-1 were found to be elevated at diagnosis, thus reflecting disease activity (17) .
The results of our study suggest that the increases in IL-6 and IL-8 in the absence of apparent infection are induced by the activation of other molecules or mechanisms that are independent of infectious microorganisms. IL-6 is important in the maintenance of cancer stem cells in the neoplastic microenvironment of leukemic cells (18) and has been shown to stimulate the growth of AML (acute myeloid leukemia) cells through signaling pathways (19) .
Moreover, IL-6 has been reported as a sensitive predictor of bacterial infection in neutropenic as well as non-neutropenic febrile children with ALL (20) ; in addition, a study of the role of IL-6 and IL-8 in a small group of patients with hematological malignancies showed that they could be useful in excluding the possibility of high-risk infection (21) . IL-8 in the serum of patients with ALL in association with Gram-negative infection was found to be increased by 10-fold compared with the control group (22) .
In the present study, we found that high levels of the monocyte chemoattractant protein-1 (MCP-1/CCL2), which is a member of the CC chemokine family, was significantly altered in these patients and may contribute to a sterile inflammatory environment. MCP-1 has previously been shown to play a major role in the migration of monocytes toward human leukemic cells; however, it was unable to increase the cytotoxic effects of monocytes on human leukemic cells (23) . A higher level of MCP-1 in the cerebrospinal fluid of children with ALL is associated with central nervous system involvement during therapy (24) .
There are reports of a high concentration of various inflammatory cytokines in ALL associated with the presence of infection or in response to chemotherapy (25) (26) (27) (28) . However, there are no reports of an initial inflammatory process in newly diagnosed patients with ALL without apparent infection.
The regulation of the immune response is important in the process of carcinogenesis, as a deregulated pro-inflammatory state may favor cancer, and inflammation also affects immune surveillance. Cytokines such as IL-10, IL-17 and TGF-β have an important function in immune regulation. The biological role of IL-10 in cancer is quite complex; however, the presence of IL-10 in advanced metastases and the positive correlation between serum IL-10 levels and the progression of other diseases suggest a critical role for IL-10 in the cancer microenvironment (29) .
IL-17 is a cytokine that is produced by a subset of T helper cells, called 'Th17 cells', which are generated in response to signals from TGF-β, IL-6 and IL-23 (30, 31) . IL-17 activates many of the same signaling events as do inflammatory cytokines such as TNF-α and IL-1β, and is considered to be an important bridging molecule between the innate and adaptive immune systems (32) . A study of the role of this cytokine in leukemia showed that it is increased in the blood and bone marrow in AML patients with poor prognosis compared with healthy donors (33) . However, in this study, we did not find significant difference between patients with ALL and the control group. The role of IL-12 in immunosurveillance has been reported in cancer (34) ; in ALL, the study of this cytokine has been focused on immunotherapy (35, 36) . Our results indicate that IL-12 and IFN-γ were elevated in patients with ALL compared with the control group; thus, there was a Th1-biased immune response in patients with this neoplasia.
Elevated systemic concentrations of these Th1 cytokines may promote an inflammatory microenvironment in the early stages of neoplasia. Alterations in the Th1/Th2 ratio in cancer patients is a common feature of a malignant process and may be the result of a malfunction of Th1 cells, activation of Th2 lymphocytes, or both. we found no change in concentrations of IL-4 and IL-13 (Th2 cytokines) in patients with ALL vs. the controls, which confirmed a predominantly Th1-type response in the patients.
However, in patients with neutropenic fever, therapy is and should remain restricted to antibiotics, even though it is very likely that at least some of these patients do not have an infectious process that causes fever, and that the inflammatorystate-related cancer is the cause of the fever, which opens the possibility of seeking a non-infectious marker that induces cytokines associated with fever and with a strong pro-inflammatory response in children with ALL. Further investigation is needed to establish whether these alterations can be used as a prognostic indicator in ALL.
The findings of this study have important implications for understanding the inflammatory response in patients with ALL and no clinically apparent infection, and the bridge between the innate and adaptive immune responses through T-cell polarization. Higher levels of cytokines may play a crucial role in the pathogenesis of ALL and may be important therapeutic targets and prognostic predictors in episodes of fever of unknown origin and in strong inflammatory responses without apparent infection.
